aptic AMPAR trafficking events. However, rules governIn GluR1, 3, and 4, glutamine remains at this critical ing subunit assembly and the progression of distinct position. In principal neurons, GluR2 is present in most AMPAR complexes through the secretory pathway are channels (Jonas and Burnashev, 1995); e.g., AMPARs largely unknown. By analyzing these proximal events, in hippocampus consist mainly of GluR2/GluR1 and also we find unexpected differences in the subcellular localof GluR2/GluR3 heteromers (Wenthold et al., 1996), sugization and ER export kinetics of the GluR1 and GluR2 gesting the existence of a mechanism which ensures subunits. Whereas GluR1 receptors exit the ER and trafthe incorporation of GluR2 into AMPARs. fic to the surface, GluR2 partly remains in the ER, sugActivity-dependent forms of synaptic plasticity such gesting the existence of an intracellular GluR2 reserve as long-term potentiation (LTP) and long-term deprespool. This pool of GluR2 appears to be extensively assosion (LTD) have been shown to depend, at least in part, ciated with GluR3 but not GluR1. We show that seon the trafficking of AMPARs to and from synapses quence elements in the GluR2 C terminus, including the (Malenka and Nicoll, 1999; Lü scher et al., 2000; Malinow PDZ motif, are required for forward trafficking. We also et al., 2000). Recent studies suggest two distinct synapidentify motifs ruling GluR2 ER retention. Surprisingly, tic delivery pathways that are AMPAR subunit depenthe major retention element is the Q/R-editing site in the channel-lining pore. This site contains an Arg in GluR2 but a Gln in GluR1; reversion to the exonically
(E) Relative EndoH sensitivities of AMPAR subunits. PNS from total brain was concentrated at 100,000 ϫ g for 1 hr and extracted in lysis buffer (see Experimental Procedures). The lysate was EndoH digested, blotted, and analyzed with Abs for GluR1, GluR2, and GluR3. Bands from various exposures were quantified with NIH-I; "% mature" reflects level of maturation from the total.
encoded Gln (R607Q) in GluR2 results in rapid, GluR1-of two forms of GluR2-a high molecular weight form like ER exit and prominent surface expression. Our data of approximately 105 kDa and a lower form of about reveal that Q/R editing determines both AMPAR function 100 kDa ( Figure 1A , top panel; see also Figure 1E ). The and traffic.
upper form of GluR2 was highly concentrated in synaptic membranes, together with the other glutamate receptor Results subunits including GluR1 and the NMDAR subunit NR2A ( Figure 1A , lane 2). The lower form was specifically enriched in the small microsomal ER fraction, together with
GluR1 and GluR2 Have Different Distributions in Rat Brain
the ER chaperone calnexin (lane 5) and the ER marker ribophorin (not shown). Surprisingly, in contrast to Subcellular fractionation of rat brain revealed a differential distribution of GluR1 and GluR2, and the existence GluR2, much lower levels of other glutamate receptor subunits (GluR1 and NR2A) were found in this microSurface Crosslinking Affects the Majority of GluR1 but Only Mature GluR2 somal fraction. Low molecular weight GluR2 also appears, together with calnexin, in the large microsomal To confirm our finding in a system more amenable to further biochemical analysis, subcellular AMPAR distrifraction and the fraction enriched in synaptic vesicles.
Further fractionation of the microsomal ER fraction butions were analyzed in primary neurons by surface crosslinking. Surface-expressed receptors were modion continuous (0.12-1.2 M) sucrose gradients shows a wide distribution of low molecular weight GluR2 ( Figure  fied with the membrane-impermeable crosslinker BS 3 (Hall and Soderling, 1997). Crosslinked proteins form 1B). This sedimentation profile closely resembled that of calnexin, but was different from GluR1. Quantification large complexes that barely enter SDS-PAGE gels, whereas intracellular proteins remain unaffected (e.g., showed a fairly even distribution of GluR2 and calnexin across the gradient, reflecting a sedimentation profile ␣-tubulin; Figure 2A ). Equal amounts of BS 3 -treated and -untreated cell lysates were analyzed for GluR1, of randomly generated vesicular structures ( Figure 1C ). Since the neuronal ER extends into most distal neurites GluR2, GluR3, and NR1. Crosslinked GluR2 is evident on the top of the gel (asterix); BS 3 quantitatively removed (Terasaki et al., 1994 ; Spacek and Harris, 1997; Berridge, 1998), fragmentation, and the generation of widely disthe mature form, while immature GluR2 was barely affected. GluR1 levels, on the other hand, were greatly tributed ER-derived microsomes by homogenization, is expected. In contrast, the majority of GluR1 sedimented diminished by BS 3 , whereas GluR3 shows intermediate levels of surface expression. Quantification shows that in a peak (F8-10 ϭ 1.099-1.12 g/ml), which also contained high molecular weight GluR2. These peak fraccrosslinking removed ‫%09ف‬ of the GluR1 immunoreactivity, ‫%06ف‬ of GluR3, whereas only ‫%04ف‬ of GluR2 tions also contain NR subunits indicating the presence of synaptic membranes in the ms ER fraction. Together, signal was affected ( Figure 2B ). In agreement with the analysis of glycosylation and sedimentation, this shows our gradient data further confirm a different subcellular localization of GluR1 and GluR2.
that a large proportion of GluR2 ‫)%06ف(‬ resides intracellularly, whereas the majority of GluR1 is expressed on the cell surface. NR1 distribution more closely resembled the GluR1 pattern, with the majority of NR1 being A Prominent Fraction of GluR2 Is EndoH Sensitive To determine whether the two GluR2 forms represent located at the cell surface ‫.)%08ف(‬ Similar results were obtained with surface trypsinization experiments (data differentially glycosylated proteins, subcellular fractions were treated with PNGaseF (PNGF) and Endoglycosinot shown). dase H (EndoH; Figure 1D ). PNGF removes all Asn-linked glycans, whereas EndoH specifically recognizes highmannose type sugars characteristic of peptides resident GluR2 Extensively Colocalizes with the ER Marker BiP in Hippocampal Neurons in the proximal secretory pathway (ER to medial-Golgi). High-mannose type sugars are further processed within We further analyzed the subcellular distribution of GluR1 and GluR2 by immunocytochemistry (Figure 3) . Hippothe secretory pathway and most glycoproteins aquire EndoH resistance in the medial-Golgi. Sensitivity to Encampal neurons (16-20 div) were permeabilized and stained for endogenous GluR1 and GluR2 (panel A). doH therefore reflects the maturation state of glycoproteins. Figure 1D shows that GluR2 from the synaptic GluR1 staining is strongly confined to dendritic spines and the cell periphery with lower signals in cell bodies. membrane fraction is resistant to EndoH (lane 2). The slight shift observed after EndoH treatment probably At this developmental stage in vitro, GluR1 is clustered and colocalizes with the synaptic marker synaptophysin reflects the presence of a residual high mannose glycan in the mature subunit, linked to one of the four potential (Rao et al., 1998) . In contrast to GluR1, GluR2 also prominently occupies cell bodies and intradendritic areas (FigGluR2 N To compare relative amounts of immature AMPAR lapped with BiP, particularly in proximal dendrites. GluR2-BiP clusters were also observed in distal densubunits from brain membranes, their EndoH sensitivity was determined using the PNS (post-nuclear supernadrites and often occurred at branch points. Colocalization of BiP with various glutamate receptor subunits has tant), concentrated at 100,000 ϫ g ( Figure 1E ). Whereas only a small fraction of GluR1 is EndoH sensitive ‫,)%83ف(‬ also been observed by electron microscopy (Rubio and Wenthold, 1999a), and biochemically (I.H.G. and E.B.Z., up to 80% of GluR2 is immature in this fraction. GluR3 shows an intermediate level of EndoH sensitivity unpublished data; Rubio and Wenthold, 1999b). The GluR2-specific, intracellular pattern persisted through-‫.)%16ف(‬ We find that total brain homogenate contains higher levels of mature subunits. Interestingly, levels of out development in vitro, and was also observed in more mature neurons (not shown). GluR1, as expected, did immature GluR2 are much higher early in development (data not shown). These different maturation patterns not overlap with intracellular BiP compartments ( Figure  3C ). These morphological data are in agreement with account for the different subcellular distributions of the GluR1 and GluR2 subunits shown in Figures 1A and 1B. the biochemical findings described above. proportion of immature GluR3 precipitates with GluR2, indicating significant levels of GluR2/3 complexes in the GluR2 Is Sulfated in the trans-Golgi Network ER at steady state. GluR3 is also detected extensively Since a large fraction of GluR2 is immature, we asked in the microsomal ER fraction ( Figure 5C ). Unfortunately, whether this form reaches the cell surface. To address the GluR3 Ab was unsuitable for IPs. Therefore, to anathis, we labeled neurons with [ of virtually the entire C terminus represents a drastic expressed for 16 hr, further synthesis was then stopped with chx, and mutants were "chased" out of the ER for modification, we confirmed our finding by analyzing smaller deletions. Expression of mutants with 10-resiup to 10 hr. Blocking continuous synthesis of exogenous GluR2, followed by an extended chase, allowed a more due deletions, spanning the C terminus, revealed three critical elements: ⌬41-49, ⌬31-40, ⌬1-10 ( Figure 6A) . accurate detection of ER exit efficiency. In the chx chase, wt Myc-GluR2 and AVKI matured with similar The juxtamembrane region plays a role in ER retention, as ⌬41-49 resulted in ‫-5.2ف‬fold increased maturation efficiencies, whereas maturation of ⌬1-10 and SVKE was reduced 3-to 4-fold, confirming the previous recompared to wt Myc-GluR2. In contrast, the extreme C terminus (⌬1-10), and ⌬31-40, appeared to be required sults. In summary, the C terminus is required for ER exit. for ER exit. ⌬31-40 resulted in dramatically reduced maturation levels similar to ⌬49, while ⌬1-10 resulted Export is mediated by the PDZ binding site, likely through interactions with PICK1, and an element surin a ‫-3ف‬fold reduction relative to wt. Importantly, regions 31-40 contains the NSF binding site, and region 1-10 the rounding the NSF binding site. The juxtamembrane region (⌬41-49), however, appears to be involved in ER PDZ ligand. Analysis of the residues deleted in ⌬31-40 in more detail suggested that NSF is not required for GluR2 retention, as its deletion resulted in increased GluR2 maturation. maturation. NP851, 852AA (M-10), a mutation that is known to reduce NSF binding (Osten et al., 1998), had no significant effect, nor did replacement of the preced-
Most of the Newly Synthesized GluR2 Remains

Arg607 at the Q/R-Editing Site Causes GluR2 ER Retention ing Lys (K850A; M-9). Mutation of the extreme Ile883 (I883E) abolishes all GluR2-PDZ domain interactions in
Apart from the C terminus, another key difference between GluR2 and GluR1 (and GluR3, 4) lies in the pore vitro ( (R607Q) were expressed from sindbis vectors in primary at steady state ( Figure 7A ). Quantification revealed that Ͼ30% of total Myc-GluR2/Q was EndoH resistant neurons, cell lysates were EndoH digested and analyzed by Western blotting. Indeed, reversion to the exonically compared to ‫%01ف‬ of Myc-GluR2 (n ϭ 6; p Ͻ 0.02). To determine whether the charged residue affected GluR2 encoded Gln resulted in higher levels of mature GluR2 Figure  7B , line graph). We find that ‫%05ف‬ of Myc-GluR2/Q chase experiments ( Figure 7B ). Exogenous Myc-GluR2 showed incomplete conversion to the mature form, simimatured within 5 hr of chase (n ϭ 7, p Ͻ 0.0001; Figure  7B , bar graph), compared to ‫%52ف‬ of wt Myc-GluR2. lar to endogenous GluR2 (see Figure 4A ). Only ‫%82ف‬ of total Myc-GluR2 was mature after 9 hr of chase. In ⌬41-49 (see previous section) showed intermediate levels of maturation in these experiments ‫%53ف(‬ after 5 hr marked contrast, the pore mutant converted rapidly with and 5B), possibly driven by SAP97 interactions; they require activity for the final synaptic insertion step. GluR2/GluR3 heteromers exit less efficiently, possibly due to the lack of SAP97; these receptors do not require activity for exocytosis. of chase; data not shown). To test whether the increased for RNA editing and the insertion of Arg607 at the pore apex. ER transport rates of Myc-GluR2/Q also correlated with expression at the cell surface, we carried out immunocytochemical analysis of infected neurons. 17-21 div hipSubcellular Distribution of AMPAR Subunits pocampal neurons were infected for 18 hr, exogenous and ER Export Kinetics GluR2 at the cell surface was then detected by live GluR1/2 heteromers are predominant AMPAR heterostaining followed by fixation and permeabilization to mers, at least in CA1/2 of hippocampus (Wenthold et al., visualize total exogenous GluR2 ( Figure 7C ). Correlating 1996). We were therefore surprised to find differences in with increased levels of mature GluR2 at steady state, the distribution of these subunits by subcellular fractionthe pore mutation resulted in elevated surface expresation, an observation that has recently been supported sion of Myc-GluR2/Q; the increase was ‫-2ف‬fold (n ϭ 45; (Lee et al., 2001). GluR2 is found extensively in intracellup Ͻ 0.001), demonstrating progression of the mutant lar membrane fractions, characterized by an ER-type beyond the ER through the entire secretory pathway. glycosylation pattern. GluR1, in contrast, is concenTo investigate further whether Arg at the pore apex more trated, fully glycosylated, in synaptic membrane fracgenerally affects trafficking, we mutated the corretions. In line with this finding, a greater fraction of GluR2 sponding Gln in GluR1 to Arg (Q600R). Indeed, surface in brain is EndoH sensitive when compared to GluR1. levels of HA-GluR1/R (Q600R) were reduced ‫-5.1ف‬fold
We find that the absolute levels of EndoH sensitivity (n ϭ 49; p Ͻ 0.0001) relative to wt HA-GluR1 ‫%07ف(‬ depend on developmental stage since higher levels of surface HA-GluR1/R; Figure 7D) . The difference in surimmature GluR2 are detected in embryonic brain, and face expression levels is greater between GluR2 (R/Q) also on PNS preparation conditions. The difference bethan for GluR1 (R/Q). Introducing an Arg into the GluR1 tween maturation of GluR1 and GluR2, however, is alpore, however, significantly reduced surface trafficking. ways observed. These findings could be reproduced in Therefore, the newly identified signal appears to be efdissociated primary neurons, where ‫%06ف‬ of GluR2 is fective also in a different context. intracellular in contrast to ‫%01ف‬ of GluR1. GluR3 was more equally distributed between surface and intracellular compartments in these experiments. Hall and SoderDiscussion ling (1997) also reported higher levels of surface GluR1 than GluR2 in related experiments. Their estimate for Here we report that Arg607 at the Q/R-editing site plus motifs in the C terminus establish a stable ER pool of GluR1 was, however, lower than what we find (61% Ϯ 2% GluR1, 43% Ϯ 2% GluR2 Arg607 at the Q/R-editing site. Mutation of Arg to Gln Immature GluR2 appeared to be complexed extensively resulted in GluR1-like ER exit and increased surface with GluR3 but not with GluR1, suggesting significant expression of GluR2 in neurons. Furthermore, mutation levels of GluR2/3 in the ER. Electrophysiological studies of the corresponding Gln in GluR1 to Arg (Q600R) caused have suggested the existence of two distinct AMPAR reduced surface expression of mutant GluR1, sugpopulations-GluR2/1 and GluR2/3 (Shi et al., 2001) .
gesting that the Q/R-editing site poses a bona fide retenTrafficking of the former is dictated by the GluR1 C tion signal. Arg607 is a unique signature of GluR2, which terminus and requires activity. The latter population is controls Ca 2ϩ permeability, channel conductance, and thought to traffic continuously, to ensure a homeostasis rectification properties of AMPARs ( 
GluR2 ER Retention
GluR2 Q/R editing has been shown to be crucial in Mutation of two distinct sites increased GluR2 ER exvivo since increasing the dose of GluR2/Q in transgenic port, the juxtamembrane segment (⌬41-49), and the Q/R mice resulted in deficits in dendritic architecture tosite in TM2. ⌬41-49 contains a ligand-induced endocygether with epileptic seizures and premature death tosis signal (Lin et al., 2000) . This sequence is highly (Brusa et al., 1995; Feldmeyer et al., 1999) . This phenoconserved between AMPAR subunits, apart from A841 type has partly been attributed to an increase in the and A843 in GluR2, which are occupied by serines in macroscopic AMPAR conductance (Feldmeyer et al., GluR1. Interestingly, tyrosine-based endocytosis sig-1999). Our data suggest that an increase in channel nals have been found to overlap with ER retention signumber, due to enhanced trafficking, is a possible cause nals, in the TCR subunit CD3-⑀ (Mallabiabarrena et al.,  1995) . The CD3-⑀ retention motif requires a hydrophobic for the observed phenotype.
Experimental Procedures previously described and stained with the following Abs (g/ml): polyclonal GluR1 1 g, monoclonal GluR2 1 g (Chemicon), Mycmonoclonal (live; Santa Cruz) 4 g, Myc-polyclonal (perm.) 0.2 g; Subcellular and Sucrose Gradient Fractionations Rotors and tubes were from Beckman. Rat brains were homogeBiP serum 1:1000. For all biochemical experiments, cells were used at a ratio of cortex: hippocampus ϭ 3:1. Cells were plated at 2.7 ϫ nized in a glass dounce with 10 strokes in homogenization (Hom) buffer (0.32 M sucrose, 10 mM Hepes-NaOH pH 7.2, 1x proteinase 10 6 /10 cm dish. Recombinant sindbis viruses (Invitrogen) were constructed by inhibitor cocktail [PI; Roche]; 10 ml/brain). Homogenates were cleared twice at 1000 ϫ g for 10 min, the resulting PNS was concen-PCR as described (Osten et al., 2000) . Neurons were infected with comparable titers for 17-19 hr, cells were then washed three times trated at 9000 ϫ g for 15 min. The P2 pellet (crude synaptosomes) was resuspended in 7 ml Hom buffer for the purification of synaptowith cold PBS, and lysed (above). Lysates were EndoH digested and separated by 7% SDS-PAGE, blotted, and analyzed with 1 g/ somes (Huttner et al., 1983; see below) . Sn2 was concentrated at 31,000 ϫ g for 20 min, resulting in P3 (large microsomal fraction) ml anti-myc Abs (Santa Cruz). Images were acquired on a Nikon PCM 2000 confocal microscope, and Sn3, which was concentrated at 200,000 ϫ g giving P4 (small microsomal fraction). P2 was layered onto discontinuous step gradiand analyzed using Simple32 
